Like human children, most young mammals devote a significant amount of time and energy playing together, and social play is fun. Although social play is very pleasurable, it is more than just a frivolous activity: it is crucial for the development of behavioral flexibility, the acquisition of social and cognitive competence, and the maintenance of group cohesion. Social play is a natural reinforcer, and the neurotransmitter systems intimately implicated in the motivational, pleasurable and cognitive aspects of natural and drug rewards, such as opioids, endocannabinoids, dopamine and norepinephrine, play an important modulatory role in the performance of social play. In this review, we address the notion that social play is rewarding, and discuss recent developments in the neuropharmacology of this behavior. This provides a framework to understand how the brain processes social emotions, to make young individuals enjoy social play.
Introduction
Social behaviors, such as affiliative, sexual, parental and aggressive territorial behaviors, are an integral part of the mammalian behavioral repertoire essential for survival of the individual, group or species. Social play behavior, also referred to as 'rough and tumble play', is the earliest form of mammalian social behavior that is not directed at the mother, but at peers [1] [2] [3] . Similar to human children, most young mammals spend a substantial part of maturation engaging in play with peers, such as running, chasing, climbing and play fighting. The ability to engage in social play is one of the principal indicators of healthy development, both in animals and humans. Conversely, social play deficits are a core symptom of neuropsychiatric disorders in childhood and adolescence, such as autism, early-onset schizophrenia, and attention-deficit/hyperactivity disorder (ADHD) [4] [5] [6] .
'Playing' and 'having fun' are almost synonymous. Indeed, perhaps the most prominent characteristic of social play is its high reward value [1] [2] [3] . However, although there seems to be no obvious direct function of play other than having fun, social play does have clear benefits. By varying, repeating, and/or recombining subsequences of behavior outside their primary context, play serves to develop physical, cognitive and social capacities, and especially to acquire the ability to flexibly use these capacities under changeable circumstances [3, 7] . More specifically, play experience in a social context is crucial for the development of normal socioaffective responses and the acquisition of social skills [8, 9] . Social play might also serve to facilitate the development of other, non-social, cognitive capacities. Besides these developmental functions, social play has stress-reducing effects, and serves to maintain group cohesion [3] . These latter properties, as well as maintenance of the skills previously acquired through play, are probably the functions of social play behavior in adult animals [3] .
Social play is characterized by its vigorous appearance, exaggerated forms of behavior, and high level of affiliation. The most detailed and extensive experimental research investigating mammalian social play has been performed in the laboratory rat (Rattus norvegicus) [1] [2] [3] 10] . As in almost every mammalian species studied, rats engage in social play according to an inverted U-shaped curve in ontogeny, peaking during the juvenile period and then falling off around puberty [1] [2] [3] . Patterns of adult affiliative, sexual and aggressive behavior can be recognized in social play, although young and adult social behavior differ in intensity, form and contextual settings [2, 3] . In rats, a bout of social play behavior starts with one rat soliciting (pouncing) another animal, by attempting to nose or rub the nape of its neck (Figure 1a) . The animal that is pounced upon can respond in different ways: if the animal fully rotates to its dorsal surface, 'pinning' is the result (Figure 1b) . Pinning is regarded as the most characteristic posture in social play in rats. As rats mature into adulthood, the structure of social play changes. Most prominently, the response to pouncing with full rotation to the dorsal surface (resulting in pinning) occurs less, and is replaced by evasions and partial rotations [3] (see Table 1 for a detailed description of the different components of social play behavior in rats).
Just like other naturally rewarded behaviors that are important for development and survival, such as feeding, drinking, and sexual behavior, social play is a reinforcer both in rats and non-human primates [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Research into the neurobiological underpinnings of social play behavior has provided a substantial body of evidence that it is modulated by the neural systems that also mediate the positive subjective and motivational properties of food, sex and drugs of abuse. In this review, we provide an overview of recent advances in the neuropharmacology of social play behavior. We will restrict ourselves to studies in rats, because the vast majority of pharmacological studies on social play behavior has been performed in this species (see [23, 24] for examples of pharmacological studies in hamsters and monkeys). We focus on opioids, cannabinoids, dopamine and norepinephrine, the neurotransmitter systems that modulate the rewarding, motivational and cognitive aspects of this behavior (Table 2 ). Comprehensive overviews of pharmacological studies on social play, addressing the role of other neurotransmitters, such as gamma aminobutyric acid (GABA), acetylcholine and adenosine, can be found in previous reviews [2, 10] .
Rewarding properties of social play The earliest demonstrations of social reinforcement came from studies in primates, which showed that a chimpanzee learned a discrimination task that was rewarded by the opportunity to groom the experimenter [21] . The reinforcing properties of social play were subsequently shown by Mason et al. [22] . In this study, chimpanzees had the choice of pressing one of two levers. Pressing one lever produced food, and pressing the other lever produced social interaction. The experimenters manipulated the incentive value of the food reward by testing the animals when hungry or sated, or by offering foods of different palatability. The social interaction on offer was either petting or play. Food was chosen more often when the animals were hungry and when the most preferred food was available. Of the social behaviors, play was more reinforcing than petting. Intriguingly, even when the animals were tested hungry, they chose play on almost half of the occasions. When tested sated and offered foods of different palatability, the animals still chose play on half the occasions, even when the food reinforcer was very palatable. This pioneering study showed that social play is a powerful reinforcer in chimpanzees, comparable on a reward basis with tasty food. Rewarding properties of social play behavior in rats have since been demonstrated using both T-maze discrimination tasks [11, 16, 17] and place conditioning [12] [13] [14] [15] [18] [19] [20] . Rats will readily learn a T-maze discrimination task when rewarded with a social interaction, most prominently social play. Indeed, interactions with a partner that has been rendered non-playful (but not non-social) by physical confinement or drug treatment are less rewarding than playful social interactions [11] . It has repeatedly been shown that social play behavior can induce conditioned place preference [12] [13] [14] [15] [18] [19] [20] . Place conditioning studies have provided further evidence that it is indeed social play, rather than social interaction in general, that is rewarding, because interactions with non-playful animals did not induce conditioned place preference [12, 15] . In addition, it has been shown that the positive subjective properties of cocaine or nicotine and social play can act synergistically, even if social play is reduced by these drugs [13, 14] . Another line of empirical evidence to support the notion that social play is rewarding comes from studies showing that during social play, rats emit high frequency (50 kHz) vocalizations [25] that are also emitted during other pleasurable events, such as sexual behavior and drug-induced conditioned place preference. Together, these data indicate that social play is rewarding, in the sense that it can be used as an incentive for maze learning, lever pressing and Table 1 . Table 1 . Ethogram of the social repertoire of young rats.
Behavior Description Pouncing
Nuzzling the nape of the conspecific's neck with the tip of the snout, followed by a rubbing movement ( Figure 1a ) Evasion Upon solicitation, the recipient animal avoids contact with the nape by leaping, running, or turning away from the partner Partial rotation
Upon contact of the nape, the recipient animal begins to rotate along its longitudinal axis, but then stops and keeps one or both hind feet firmly planted on the ground Pinning Upon contact of the nape, the recipient animal fully rotates around the longitudinal axis of its body, ending in a supine position with the other subject standing over it ( Figure 1b ) Boxing/wrestling
Rearing in an upright position towards the other subject, combined with both rats rapidly pushing, pawing, and grabbing at each other, or one rat wrapping around the other subject.
Following/Chasing
Moving or running forward in the direction of or pursuing the other subject, who moves away Social exploration
Sniffing, licking or grooming any part of the body of the test partner, including the anogenital area place conditioning, paradigms that have been widely used to study the rewarding properties of food, sex and drugs.
Neuropharmacology of social play Opioids
The idea that the endogenous opioid system is involved in the modulation of social play behavior emerged from the 'opioid theory of social behavior' postulated in the early 1980 s [26] . Based on putative analogies between social bond formation and opiate addiction, the core of this theory was that the pleasurable aspects of social behaviors are mediated by activation of the endogenous opioid system. Experimental support for this theory came from studies showing that endogenous opioids mediate infant attachment behavior and the rewarding properties of motherrelated stimuli, sexual behavior, social behavior and social play [27] . Opioids modulate social play through m-and k-opioid receptors, with opposite behavioral outcomes. Thus, low doses of morphine, preferentially acting on m-opioid receptors, enhanced social play behavior in adolescent rats, whereas the nonselective opioid receptor antagonist naloxone suppressed it [28] [29] [30] [31] [32] [33] [34] . Interestingly, the playenhancing effect of morphine has also been demonstrated in primates [24] . More selective m-opioid receptor agonists and antagonists also increased and decreased social play, respectively [2, 35] . Conversely, activation of k-opioid receptors decreased social play, whereas d-opioid receptor stimulation had no effect [35] . It is noteworthy that opioids selectively increased social play without altering its sequential structure, and without changing locomotor activity or social behaviors unrelated to play [29] .
The endogenous opioid system is a key regulator of reward processes, and as outlined above, social play is a very rewarding activity. Both natural and drug rewards can be dissociated in terms of their motivational (wanting), hedonic (liking) and cognitive (learning) properties [36, 37] . The experimental setups that are commonly used to study social play behavior in adolescent rats do not allow for an accurate distinction between these components of social play. However, the available data suggest that opioids increase the hedonic properties of social play, rather than its motivational aspects. First, neither morphine nor naloxone affected play motivation in a T-maze task rewarded by social play. However, morphine increased and naloxone decreased the amount of social play performed in the goal box of the T-maze [17] . Second, in line with the idea that dopaminergic neurotransmission mediates the incentive motivational properties of rewards [38] [39] [40] , whereas the endogenous opioid system also mediates their hedonic, pleasurable properties [36, [38] [39] [40] , the increase in social play induced by morphine was blocked by pretreatment with naloxone, but unaffected by the dopamine receptor antagonist a-flupenthixol [32] . Third, opioid activity within the nucleus accumbens is thought to modulate the hedonic properties of food, whereas in the ventral tegmental area, opioids might enhance its motivational properties by indirectly stimulating mesolimbic dopaminergic neurotransmission [36, [38] [39] [40] . In keeping with the notion that opioids modulate the hedonic, rather than the motivational aspects of social play, it has been shown that during social play, endogenous opioid activity was increased in the nucleus accumbens but not in the ventral tegmental area [41] . Neither morphine nor naloxone affected the rate of learning in the social play-rewarded T-maze task [17] , but opioid neurotransmission could possibly modulate some of the cognitive aspects of social play. Indeed, treatment with either a low dose of morphine or with the kopioid receptor antagonist nor-binaltorphimine attenuated the transient reduction in social play induced by a novel environment, suggesting that opioids induce a shift in selective attention as a result of altered integration of sensory information [2, 30, 35] .
In conclusion, there is a great deal of evidence to support an important role for the endogenous opioid system in the hedonic, and possibly cognitive, aspects of social play behavior.
Cannabinoids
Cannabinoid neurotransmission can have both positive and negative effects on social play behavior in adolescent rats, depending on how the endocannabinoid system is stimulated. Activation of CB1 cannabinoid receptors with direct cannabinoid agonists reduced social play behavior in rats [32] [33] [34] , which is consistent with demonstrations that direct cannabinoid receptor agonists reduce social interaction in rats [42, 43] . By contrast, indirect cannabinoid agonists, which enhance endocannabinoid activity by interfering with endocannabinoid degradation or reuptake [44] , increased social play [32] [33] [34] .
The explanation for these seemingly paradoxical effects of direct and indirect cannabinoid agonists on social play probably lies in the peculiar properties of endocannabinoid neurotransmission. Endocannabinoids are synthesized and released on demand after neuronal depolarization [44] . Thus, inhibiting their deactivation prolongs endocannabinoid signaling in active synapses only, preserving the spatiotemporal specificity of endocannabinoid activity. The effects of indirect cannabinoid agonists therefore suggest that, during social play, endocannabinoids are released in brain areas mediating this behavior. This endocannabinoid activity facilitates social play, so that drugs that prevent endocannabinoid degradation enhance play behavior by prolonging and magnifying endocannabinoid tone.
Conversely, direct cannabinoid agonists might also stimulate CB1 cannabinoid receptors in brain areas in which increased cannabinoid activity inhibits social play, for example, through the well-known disruptive effects of cannabinoid agonists on working memory and behavioral flexibility [45] , causing a cognitive state that is incompatible with the adequate execution of complex social acts. Indeed, consistent with the notion that cannabinoid agonists disrupt cognition in the social domain, direct activation of CB1 cannabinoid receptors has been shown to impair social memory [46] .
Regarding the mechanisms underlying cannabinoid modulation of social play, an interesting interaction between opioid and cannabinoid neurotransmission has emerged. The effects of indirect cannabinoid agonists on social play were not only blocked by the CB1 cannabinoid receptor antagonist SR141716A, but also by naloxone. Conversely, the play-enhancing effects of morphine were attenuated by both naloxone and SR141716A [32] . Thus, opioid-cannabinoid interactions, which play an important part in both drug and food reward [47, 48] , also mediate social reward. The effects of endocannabinoids and opioids on social play, however, are not identical. At the behavioral level, endocannabinoids enhanced responsiveness to play solicitation, but only when reciprocated by an equally socially motivated partner, suggesting that the increase in social play caused by augmented endocannabinoid activity was influenced by the level of social activity of the test partner. However, this was not the case for morphine, which enhanced social play independent of the playful responsiveness of the test partner [33] . At the pharmacological level, indirect cannabinoid agonists enhanced social play through a dopamine-dependent mechanism, whereas the effect of morphine on social play was dopamine-independent [32] . Interestingly, although cannabinoid neurotransmission was involved in the playenhancing effects of both nicotine and ethanol [49] , ethanol-induced stimulation of social interactions had opioiddependent and opioid-independent components [49, 50] . This further supports the notion that cannabinoid and opioid neurotransmission interact in the modulation of social play, but through distinct behavioral and neural mechanisms.
Dopamine
Because social play is a natural reward, it would be expected that drugs that increase dopaminergic neurotransmission enhance social play. However, the role of dopaminergic neurotransmission in the modulation of social play is less straightforward than this. Dopamine receptor antagonists reduce social play [34, 51, 52] , whereas both increases and decreases in social play have been reported after treatment with dopamine receptor agonists, with the reported increases being very modest [51, 53, 54] . The psychostimulants amphetamine, methylphenidate and cocaine, which indirectly increase dopaminergic neurotransmission by inhibiting dopamine reuptake, suppressed social play [13, 51, [54] [55] [56] . However, these drugs also inhibit the re-uptake of norepinephrine and serotonin, so that neurotransmitters other than dopamine might underlie their effects on social play. Indeed, as outlined 10 below, the play-suppressant effects of methylphenidate are dependent on noradrenergic neurotransmission. Furthermore, selective inhibitors of norepinephrine and serotonin uptake reduced social play [54, 57] , whereas selective blockade of dopamine reuptake did not affect social play [54] . Because increases in forebrain dopamine turnover have been found during social play [58] , it is possible that dopamine signaling is optimum when social play is performed, so that further stimulation of dopaminergic neurotransmission does not necessarily result in increased social play. These findings are reminiscent of studies on eating, which generally report that in a free feeding situation, changes in dopaminergic neurotransmission do not alter food intake. Dopaminergic modulation of feeding only emerges when the motivational properties of feeding are explicitly addressed [36, [38] [39] [40] . The modulatory role of dopaminergic neurotransmission in social play is further supported by data showing that the increase in social play induced by endocannabinoids, nicotine and ethanol depends on dopaminergic neurotransmission [32, 49] .
Review
Norepinephrine Social play behavior is affected by several drugs that target noradrenergic neurotransmission. Early studies have shown that the nonselective adrenoceptor agonist ephedrine, the a-adrenoceptor antagonist phenoxybenzamine, the b-adrenoceptor antagonist propranolol, the a-1 adrenoceptor antagonist prazosin, and the a-2 adrenoceptor agonist clonidine strongly decreased social play [51, 59, 60] . These findings should, however, be interpreted with caution, for two reasons. First, relatively high doses of the drugs were used, which makes it difficult to disentangle specific drug effects on play from more general changes in locomotion or arousal. Second, neurochemical specificity has to date been demonstrated only for clonidine and prazosin, the effects of which were partially antagonized by the a-2 adrenoceptor antagonist yohimbine and the a-1 adrenoceptor agonist St-587, respectively [59, 60] .
More information about the role of noradrenergic neurotransmission in social play has come from studies with indirect noradrenergic agonists. Particularly interesting are the effects of the psychostimulant methylphenidate, the first-choice medication for ADHD. Similar to amphetamine [51, 55, 56] , methylphenidate suppressed social play behavior at doses that did not affect locomotor activity or social behavior in general [54] [55] [56] . Methylphenidate reduced both the initiation to play and the responsiveness to play initiation, without inducing tolerance or sensitization [54] . The fact that methylphenidate suppressed social play independently of the baseline levels of play [54] suggests that the effects of this drug on social play cannot be explained by a rate-dependency hypothesis. A more probable explanation is that methylphenidate reduced social play through a mechanism responsible for its therapeutic efficacy in ADHD, such as by improving behavioral inhibition [61] , thus suppressing energetic behaviors that are associated with reduced attention to the environment. The effects of methylphenidate on social play were mediated by a noradrenergic mechanism: they were mimicked by the selective norepinephrine uptake inhibitor atomoxetine, which is also used for the treatment of ADHD, but not by either a dopamine reuptake inhibitor or a dopamine receptor agonist [54] . Furthermore, the play-suppressant effects of methylphenidate and atomoxetine were blocked by the a-2 adrenoceptor antagonist RX821002, but the effects of methylphenidate were not antagonized by blockade of a-1 adrenergic, b-adrenergic or dopamine receptors [54] .
Concluding remarks
Social play behavior is a specific category of social interaction that is most abundant between weaning and puberty [1] [2] [3] . It is of great importance for the development of a flexible behavioral repertoire, in both social and non-social domains, and for the maintenance of group cohesion [3, 7] . Social play is very rewarding [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . A number of neurotransmitter systems have been implicated in reward processes, with some specificity in the subcomponents of reward they modulate (hedonics, motivation, cognition). Dopaminergic neurotransmission is important for the motivational properties of rewards, whereas opioids and cannabinoids, depending on their neural site of action, mediate both hedonics and motivation [36] [37] [38] [39] [40] . Cognitive properties of rewards are modulated, on different neural levels, by opioids, cannabinoids, dopamine and norepinephrine. These neurotransmitter systems have also been implicated in social play behavior.
Stimulation of m-opioid receptors enhances social play, most probably by increasing the hedonic properties of social play [17, [28] [29] [30] 35] . Enhancing endocannabinoid neurotransmission also stimulates social play, and blockade of CB1 cannabinoid receptors attenuates the play-stimulating effects of morphine, ethanol and nicotine [32] [33] [34] 49] . Akin to the neuropharmacological modulation of food and drug reward [47] [48] , opioid and cannabinoid neurotransmission interact in the modulation of social play behavior [32] . What still needs to be determined is whether these opioid-cannabinoid interactions involve cannabinoid-induced synthesis and release of endogenous opioids (or vice versa), converging intracellular signal transduction pathways through competition for the same pool of Gi-proteins, or direct CB1-m receptor heterodimerization at the level of the cell membrane [62] . Dopaminergic neurotransmission modulates the augmenting effects of endocannabinoids, ethanol and nicotine (but remarkably, not opioids) on play [32, 49] . Last, both noradrenergic [54] and opioid neurotransmission [30, 35] have been suggested to modulate certain cognitive aspects of the performance of social play behavior. The effect of methylphenidate on social play, mediated through a-2 adrenoceptors, might be the result of improved behavioral inhibition, causing attenuation of vigorous patterns of behavior that are accompanied by reduced attention for the environment. Somewhat related, the role of m-and k-opioid receptors in reducing the suppression of social play in a novel environment could be the result of a redistribution of attentional resources, shifting behavior away from exploring a novel environment (and its potential threats and opportunities) towards engaging in a pleasurable interaction with an individual (of the same species). Indeed, opioid neurotransmission does play a part in the modulation of attention and working memory [63, 64] , which might underlie these effects.
Review
Trends in Pharmacological Sciences Vol.31 No.10 There are two particular lines of research that are essential to fill in the gaps in our knowledge. First, although systemic pharmacological studies can be suggestive of the brain regions and circuits involved, our knowledge of the neuroanatomy of social play behavior is still limited [2] . Second, although the hypothesis that opioid, dopaminergic, cannabinoid and noradrenergic neurotransmission, mediate the hedonic, motivational and cognitive properties of social play through dissociable neural circuits is very appealing, this should be tested using behavioral tasks that specifically measure these distinct aspects of social play.
To conclude, our knowledge of the neural mechanisms of social play behavior has markedly increased over the past decades, showing that neurotransmitter systems involved in food and drug reward also modulate the positive subjective properties of social play. Elucidating the neural substrates of social play behavior and its rewarding properties will help us to understand how positive social signals are processed in the brain. Furthermore, comparing the neurobiology of the hedonic, motivational and cognitive aspects of natural (food, sex, social play) and artificial rewards (drugs of abuse) will shed light on how different rewards exert their effects on behavior through common and unique neural pathways. Last, understanding the neurobiology of social play behavior might contribute to the development of novel treatments for psychiatric disorders in which social play is impaired, such as autism, early-onset schizophrenia and ADHD [4] [5] [6] .
